This paper presents a dynamics analysis of a mobile robot, named M6, developed for volcanic environment exploration. The architecture of rhis kind of robot has sir wheels which are coupled to the chassis by means of revolute joints. The robot is built by the DEES of Catania University. A multibody model of the system was constructed in a calculation code. Particular atrention was given to the choice of tyre model to simulate the real tyre-road contact. A comparison of the simulation and experimental results confirmed the good agreement beiween the model and the real system.
Introduction
The study and construction of the robot is part of the ROBOVOLC project which has the aim of developing and testing a mobile robot for exploring and surveying volcanic terrain.
The most innovative aspect of the research lies in the possibility 6f making measurements during volcanic eruptions through the development of a mobile robot able to explore one of the most hostile environments on the earth's surface. Further, the observation and measurement of variables relating to volcanic activity are of greater interest precisely during those paroxysmal phases of eruptions which are. unfortunately, also those of greatest risk to humans.
There are many studies in the literature regarding mobile robots developed to explorer unstructured environments such as volcanic terrain [ I , 2 and 31. Two particular robots have interesting characteristics relevant to the Robovolc project: the HOBO Kentree Rover (USA), a robust, versatile vehicle used for operation in critical environments such as combat. nuclear, chemical, or fire fighting situations; and the Marsokhod Rover, an all terrain vehicle developed by the Nobile Vehicle Engineering Institute (VNII Transmash) in Russia for planetary exploration. The chassis consists of three pairs of independently driven titanium wheels, joined by a three degree-of-freedom passively articulated frame.
The WHEELEG robot [4 and 51, developed as part of the same project, has been tested both in the laboratory and in a volcanic environment at 3M)O m above sea level. WHEELEG was developed in order to investigate the hybrid locomotion system which uses legs and wheels contemporaneously. Both WHEELEG and M6 were designed and constructed by the DEES of Catania University.
At present, however, hybrid robots require control techniques of excessive complexity and inconstant reliability, and present loading and speed capacities markedly lower than systems equipped with wheels alone.
Figure I : M6.
A small scale prototype robot named M6 (Fig. I ) was built and tested. This robot is a six wheeled machine with an highly adaptive chassis designed to test this type of configuration in unstructured terrain. This paper reports a multibody model of the M6 robot. The application of this numerical model is illustrated in an example which simulated the kinematic and dynamic behaviour of the robot following a particular trajectory.
M6 robot design

M6 robot system
The system consists of six wheels, each representing an autonomous module. Each wheel, in fact, contains a stepper motor, a velocity reduction gear and the electronic power board used to drive the stepper motor. In this way only the control signal and power supply are necessary to control the wheel module. These particular modules facilitate the testing of various system configurations, connecting the wheels in a different way each time. Given the low working speed of the robot, it was decided to not use any type of turning mechanism. The M6 robot turns by skid-steering the six wheels, i.e. reversing the movement of three wheels.
Control was implemented using an ST72E331 microcontroller, based on an industry-standard &bit architecture extended by SMcroelectronics to better accommodate high level language programming. This generates all the signals needed to control the six modules: in particular, each wheel requires one bit to specify the direction of rotation and a clock signal to impose the speed of the wheel module. The microcontroller communicates via RS232 with a remote PC used to give the motion commands to the prototype.
The geometry of M6. The geometric dimensions of the prototype are summarised in Fig. 3 .
The system, including accumulator and communication pack, weighs a total of 10 kg. When the module rotates only the external parts turn, while the other components remain stationary. The wheel axle is hollow, allowing the power and control cables access to the units inside the module.
Stepper motor. A "4 phase hybrid stepper" type DC motor was chosen. This high quality stepper motor is designed to provide elevated torque and at the same time great precision in positioning. The principle function characteristics are summarised in Table 1 Speed reducer. A velocity reduction gear is keyed to the motor output shaft by a pinion (Fig. 5) .
The chassis. It has a tubular structure consisting of revolute unactuated joints, allowing the robot to adapt to any non-planar surface, such as volcanic terrain. The revolute angles of the axles are shown in Fig. 10 .
The tyre
As described above, the core of the M6 mobile robot is the wheel module which must support the venical loading of the system, and transmit to the ground the driving and braking couples, and the lateral and longitudinal forces necessary to manoeuvre the vehicle and allow the transfer of driving or braking forces to the ground. Further, in the absence of any shock absorber system, the wheel module contributes to a filtering, of irregularities in the terrain.
In calculating the forces exchanged at the tyre-ground contact the I S 0 reference system shown in Fig. 11 is used. The accuracy of the results obtainable is strongly influenced by the reliability and precision achieved in modelling the tyre, allowing the reconstruction of the forces and moments at the wheel. To achieve this it is necessary to first determine an analytical expression which simulates the behaviour of the forces and moments exchanged between the ground and tyre, and to interface this analytical model with the ADAMS program to perform virtual simulations on the vehicle. In the light of these considerations, the FIALA analytical model was used, which has the characteristics summarised below:
Rectangular contact patch or tread. Uniform pressure distribution across contact. Tyre modelled as a beam on an elastic foundation. Camber angle has no effect on tyre forces.
The forces F, , F, and F, can by expressed as:
e Normal force of road on tyre F, .
F, =min(O,{F, +F,,))
where FLx is the normal force due to vertical tyre stiffness and F,, is the normal force due to vertical damping of tyre.
Longitudinal force Fx .
The longitudinal force depends on the vertical force The comprehensive slip ratio is define as:
and the current coefficient of friction is given by:
f, = L + ( f d -f i ) . S P (3)
The longitudinal force can be expressed as: where F,, and Fy2 are define as, respectively: F, =-L x l~, l x ( l -~' ) x s i g n ( n )
where:
and C, is the partial derivative of lateral force with respect to slip angle at zero slip angle defined as:
Case 2. Complete sliding state:
The following parameters were chosen ( Among the various input data of the FIALA model detailed above, it is possible to describe the geometry and friction parameters of the surface on which the virtual M6 model must be simulated. From the morphological study of volcanic terrain, it is possible to imagine this represented by a linear combination of hills and valleys of differing slope. Fig. 13 shows a laser scanning measurement of a typical volcanic terrain. The triangular finite element mesh is used to represent the volcanic surface, and the input are the co-ordinates of each node (Fig. 14) . 
Simulations
The implementation of the model is illustrated by computer simulations. In particular, the results obtained in the ramp test are repofled below. Using this input from the analysis, the following values are then determined:
Ramptest
Couples generated on all six driving wheels.
Velocities on unactuated joints.
Accelerations on all unactuated joints. Displacement, velocity and acceleration of the M6 robot.
The time-histories of the angular velocities and driving couples acting on all six wheels are given in Figs 
CONCLUSIONS
In this paper, the multibody model of a twelve-dof sixwheeled mobile robot, M6, was studied. Each pair of wheels are jointed with the others by a pneumatic cylinder used to realise a prismatic and rotational joint with variable stiffness Particular attention was paid to the choice of the tyre model to simulate the real tyre-road contact. A triangular finite element mesh was used to represent the volcanic surface.
Numerical examples simulating the dynamic behaviour of the mobile robot are presented.
The comparison of the numerical and the experimental joint variables shows a good convergence.
